API and morphological tests were examined for their ability to distinguish between 37 Bacillus anthracis strains (virulent and avirulent) and 194 strains of closely related Bacillus species (B. cereus, B. mycoides and B. thuringiensis). In addition, 34 strains of B. anthracis and four of B. cereus were tested by several other methods that included capsule formation, ability to grow on a selective medium, and sensitivity to phage. It was found that virulent strains of B. anthracis were easily separated from the closely related Bacillus species by most of the test methods; but separation of slightly virulent and avirulent strains of B. anthracis from the closely related species could be done only by API and phage-sensi tivi ty tests.
INTRODUCTION
The recognition of typical virulent strains of Bacillus anthracis isolated from clinical material is a comparatively simple problem (Sterne, 1967) , but the identification of strains from non-clinical material may not be so easy (Burdon, 1956; Biegeleissen et al., 1962; Knisely, 1965; Wilson and Miles, 1975; Clarke et al., 1977) . Furthermore, the possibility that atypical, slightly virulent or avirulent strains of B. anthracis may be present in a specimen should always be borne in mind.
Because of the considerable similarity between B. anthracis and B. cereus, many techniques for the selective isolation (Pearce and Powell, 195 1; Morris, 1955; Green and Jamieson, 1958 ; Knisely, 1965 and 1966) and identification (Brown and Cherry, 1955; Chadwick, 1959 and 1963; Bonventre and Eckert, 1963) of B. anthracis have been developed, but none is absolutely reliable. B. cereus, although often regarded as a laboratory contaminant, is now recognised as a pathogen and isolated as such with increasing frequency (Turnbull et al., 1979; Gilbert et al., 1981) .
It is not usually difficult to separate virulent strains of B. anthracis from B. cereus, but the relationship between avirulent B. anthracis strains and B. cereus, about which there has been argument for many years, remains unclear.
In this paper, we show that avirulent and slightly virulent strains of B. anthracis in Roux bottles for 48 h at 37°C. Sporulation was monitored by the microscopical examination of films. Spores were washed off the medium with water, heated at 60°C for 90 min, and viable counts were made. Viable counts were accurate to within & 10%; and in any one set of dilutions for inoculation, the ten-fold differences between dilutions were accurate to within f 5%. Dilutions, made in water because saline caused aggregation of spores, gave final counts in the range from 8 to lo6 spores in 0.1 ml. Virulence tests. Mice weighing 18-22 g were distributed in groups of ten, five to a cage. Each mouse was given 0.1 ml of a spore suspension intraperitoneally. Each set of tests included 10 mice given lo3 spores of strain B0463 (Vollum; type strain) as the positive control. Mice were held for 6 days, inspected frequently, and deaths counted each day. There was no evidence that the few incidents of cannibalism affected the results.
Morphological tests. Strains of all species except B. anthracis were grown overnight at 30°C on plates of Nutrient Agar (Difco) containing MnS04*H20 5 mg/L and examined in saline suspension smears by phase contrast microscopy at x 1000 magnification for the presence of chains of cells, vacuoles, and motility. Cell widths were measured with an AEI Image-Splitting Eyepiece wickers Instruments, Haxby Road, York); this is more accurate than an eyepiece graticule (Quesnel, 1971; Logan, 1980; Logan and Berkeley, 1981) . Lack of motility was confirmed by observing cells in water of condensation taken from nutrient-agar slopes incubated at 30°C for 6 h or until growth appeared thereafter. For the observation of sporangial morphology, plates were reincubated until spores appeared. Smears were examined for spore shapes and positions, swelling of sporangia, and the presence of crystalline inclusions (see Logan, 1980) . B. anthracis strains were grown on Brain Heart Infusion Agar (Oxoid) in Roux bottles overnight at 30°C in sealed transfer containers and growth was washed off with sterile normal saline. The washings were used for the preparation of API inocula and for morphological studies. For the latter purpose dense suspensions in normal saline were treated with formaldehyde 1% v/v overnight so that examinations could be made on killed organisms without the use of the safety cabinets in which all studies with live B. anthracis strains were made. Less than 5% of the organisms had sporulated. This was sufficient for the observations on sporangia to be made but not enough to affect adversely the use of the API strip inocula. Motility was detected as diffuse growth around the line of stab inoculation in tubes of motility medium (Cowan, 1974) . Single strains of B. cereus, B. mycoides and B. thuringiensis were used as controls for all studies on B. anthracis. Table I1 shows that the B. anthracis strains were broadly divisible into three groups-virulent, slightly virulent and avirulent. Where the histories of the strains were known, the results were as expected; thus the type strain (Vollum B0463) showed high virulence, the Sterne "avirulent" strain (B0464) low virulence, the two "teaching" or "class" strains (B0474, B0475) of the late Dr T. Gibson, low virulence; eleven recent isolates from anthrax outbreaks (B0477-B0482 and B 1 12 1-B 1 125) showed high virulence and three strains (B1117-B1119), received in response to a request for avirulent strains, low virulence. Five strains (B 1 126-B 1 128, B 1 130 and B 1 13 1) which were maintained on slopes between the 1920s and the 1940s (R. E. Gordon personal communication) comprised two avirulent and three virulent strains. 
RESULTS

Virulence tests
Morphological and API tests
The results of morphological and API tests for all the species studied, those for B. anthracis classified according to virulence, are summarised in table 111. The different species or groups showed close similarity. No test was specific for B. anthracis, and in only four tests-arginine dihydrolase (ADH), growth on Simmons' citrate medium and production of acid from glycerol and cellobiose-did B. anthracis alone give consistently negative results. 
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Total deaths in groups of 10 mice (days to reach total) receiving the following doses of spores (5) (3) 9 (4) 10 (2) ... . . . . . . 7 (4) ... 10 (4) 10 (2) 10 (2) ...
. . . . . . 9 (4) ... 10 (3) 10 (2) 10 (2) ...
. . . . . . 8 (6) ... 10 (4) 10 (2) 10 (2) ... . . . . . . 8 (6) ... 10 (3) 10 (2) 10 (2) ... 0 (6) 0 (6) 0 (6) ... (2) . . . . . . 2 (4) ... 1 (2) 10 (3) 9 (3) ...
Separation could be made, however, by taking into account general patterns of results rather than relying on the reactions of a few specific tests. Thus, B. anthracis strains commonly gave results different from those of other members of the B. cereus group in at least five of the tests (including the four listed above). The tests useful in separating B. anthracis from B. cereus were ADH, Simmons' citrate, glycerol, salicin, cellobiose, and motility; from B. rnycoides-which characteristically produces rhizoid growth on solid media-Simmons' citrate, glycerol, salicin and cellobiose; from B. thuringiensis ADH, Simmons' citrate, glycerol, salicin, cellobiose, motility and crystalline inclusions in sporangia; and from B. cereus strains of serotypes 1,3,5,8 and 12 (headed B. cereus 'E' in table 111) Simmons' citrate, glycerol, starch, glycogen and motility. Table 111 shows that the avirulent and slightly virulent strains of B. anthracis had test patterns similar to those of the virulent strains and so were easily distinguished from other members of the B. cereus group. There was only one suggestion of a relation B. cereusl. mycoidesl. thuringiensisl. cereusl. anthracis (all) B. anihracis Vt B. anihracis LV B. between virulence and test reaction: the proportion of arbutin positive reactions given by avirulent strains was higher (80%) than that given by slightly virulent (33%) and virulent strains (17%). Many additional strains, however, gave weak reactions scored only as 1 and 2 and, therefore, excluded from the positive results (scored as 3 and above). Had they been included, the results would have been SO%, 83% and 43% respectively. These figures, taken with the small numbers of slightly virulent and avirulent strains, are not convincing. 11 + = Growth, (+) = growth only when inoculum heavy, -= no growth. 7 + = Clear plaque, (+) = some growth across plaque, (+) = plaque just visible, -= no plaque.
TABLE IV
Miscellaneous tests on 34 strains of B. anthracis
Strain no. Virulence B0463 B0464 B0467 B0469 B0470 B047 1 B0472 B0473 B0474 B047 5 B0476 B0477 B0478 B0479 B0480 B048 1 B0482 B0483 B0484 B1115 B1117 B1118 B1119 B1120 B1121 B1122 B1123 B1124 B1125 B1126 B1127 B1128 B1130 B1131 V LV V AV AV V V V LV LV V V V V V V V AV V V LV LV LV V V V V V V V V AV AV V
Miscellaneous tests
The formation of mucoid colonies, on a medium containing bicarbonate and serum and incubated in excess C02, is characteristic of virulent strains of B. anthracis and indicates abundant capsule production. However, as can be seen from table IV, not all of our virulent strains produced mucoid colonies. Strains B0467 and B0472, which were shown to be virulent (table 11) , produced no mucoid growth; and strains B0471, B0478, B0480 and B048 1, also virulent, produced colonies less than 30% of which were mucoid. All but one (B0470) of the avirulent strains and all of the slightly virulent strains, produced non-mucoid colonies.
M'Fadyean's polychrome methylene blue will demonstrate B. anthracis capsules in fresh specimens or cultures grown in media that favour capsule production, such as blood. It can be seen from table IV that the results of the M'Fadyean reaction correlated less well with virulence than did the production of mucoid growth on bicarbonate agar in excess C02. Four virulent strains (B0472, B0473, Bll26 and Bll27) did not produce capsules as demonstrated by the M'Fadyean reaction; only one of these (B0472) did not produce mucoid colonies on bicarbonate agar. One virulent non-mucoid strain (B0467) gave a positive M'Fadyean reaction, and all avirulent and low virulence strains gave negative reactions.
Strains of B. anthracis cultivated on nutrient agar characteristically produce adherent colonies that show tenacity when disturbed with an inoculating loop; colonies of B. cereus have a butyrous texture. Most of the B. anthracis strains studied produced adherent colonies; two virulent strains (B 1 126 and B 1 13 l) , one strain of low virulence (B1117), and two avirulent strains (B0469 and B1128) produced adherent butyrous colonies and one avirulent strain (B1130) produced entirely butyrous colonies.
All of the B. anthracis strains grew on PLET medium; three strains (B0475, B 1 1 17 and Bll19), all of low virulence, grew only when a heavy inoculum was used. Knisely (1966) found that, on PLET medium, one of his strains grew poorly and only after incubation for 48 h. In our hands, this strain, included in the present study as no. Bl13 1, grew well on PLET medium.
All of the strains of B. anthracis were lysed by the y-phage of Brown and Cherry (1955) ; five strains (B0464, B0470, B0474, B0476 and B0478) showed some growth across the plaques, and one strain (B1125) produced a plaque that was only just visible.
Four strains of B. cereus produced butyrous colonies on bicarbonate agar in excess C02, gave negative M'Fadyean reactions, and lacked sensitivity to y-phage. One strain produced small colonies on PLET agar and the others failed to grow.
DISCUSSION
It is generally accepted that loss of pathogenicity of B. anthracis occurs in culture (Smith et al., 1952) . This phenomenon is referred to by Chu (1952) , Burdon (1956) , Ivanovics and Foldes (1939, Leise et al. (1 959) and Burdon and Wende (1960) . It is interesting, however, that of 16 strains used in this study that had been held in culture collections for long periods before the introduction of lyophilisation for preservation ( strains B0463, B0464, B0467, B0469-B0476, B 1 1 2 6 B 1 128, B 1 130 and B 1 13 l) , only two (B0474 and B0475) showed low virulence and four (B0469, B0470, Bll28 and B1130) were avirulent. The two low-virulence strains were Gibson's "teaching" or "class" strains, chosen with safety in mind; it is known that strain B 1 130 was avirulent when tested by Cowles (1931) , and strain Bll28 was found to be virulent by the same author. Only three strains (B0469, B0470 and B1128) out of 13 appear, therefore, to have lost their virulence, but no information is available on the histories and original virulence of these organisms. It is noteworthy that the remaining 10 strains showed high virulence and that the two "class" strains of Gibson retained their low virulence rather than having become avirulent. These last two, like the other Gibson strains (table I) , were maintained on slopes, apparently without subculturing, since 1938; they grew overnight when subcultured in 1978. Gordon et al. (1973) were of the opinion that it might be very difficult to distinguish between avirulent strains of B. anthracis and non-rhizoid variants of the usually non-motile B. mycoides. In the present work only four tests gave much assistance in making such a distinction. However, the fact that other tests which gave variable results for B. mycoides (ONPG, ADH, urease, galactose, amygdalin, and D-turanose) were nearly always negative for B. anthracis gave the opportunity of making the distinction on the basis of reaction pattern. API and morphological tests clearly separated 22 of the B. anthracis strains considered in this paper (B0463-B0484) from other members of the B. cereus group in the computer taxonomies of Logan (1980) and Logan and Berkeley (1981) . The virulent, slightly virulent and avirulent strains of B. anthracis were not separable by these methods.
It has been seen that virulent strains of B. anthracis can be easily separated from B. cereus by the miscellaneous tests and the API and morphological tests. The separation of avirulent and slightly virulent strains of B. anthracis from B. cereus by the miscellaneous tests is not so easy because they may produce non-mucoid colonies on bicarbonate agar incubated in excess COz, give negative M'Fadyean reactions, produce butyrous colonies on nutrient agar, and show poor growth on PLET medium-a medium upon which certain B. cereus strains can grow. The only tests in the present study which enabled such non-mucoid avirulent strains of B. anthracis to be separated from B. cereus were sensitivity to y-phage-to which some strains of other Bacillus species, but not all strains of B. anthracis (Wilson and Miles, 1975) , are susceptible-five APT reactions, and motility-not always positive for B. cereus and always negative for B. mycoides.
It is apparent that a satisfactory identification system with a dichotomous key could not be based upon the tests described above, but clearly a comparison of the reaction pattern of an unidentified strain with the results presented in table 111, with or without the aid of a computer (see Logan and Berkeley, 1984) , would give an identification with a high probability of accuracy. Although all the members of the B. cereus group are very closely related it is clear that virulent, slightly virulent and avirulent strains of B. anthracis can easily be separated from other members of the group by the API tests described.
